core of Wenchuan earthquake regions (figure 2). Many large deformations and collapses have occurred within several softrock tunnels on this route since its construction in 2009. The Dujiashan tunnel is a typical case with large deformations, collapses and even lining cracks. This not only brings great risks during the construction process, but also severely restricts the construction period (Wang et al 2012) .
Another problem in the process of soft-rock tunnel construction in the Wenchuan earthquake zone, that does not occur in other mountain zones, is the occasional aftershocks; this brings great risks to the structural integrity of the tunnel during construction and operation periods (Li and Ellingwood 2007 , Zhang et al 2013 , Iervolino et al 2014 .
Considering that the effects of the Wenchuan earthquake have had profound consequences on the environment, geological disasters caused by the earthquake will probably occur for a long time (Huang and Li 2008 , Yin 2008 , Cui et al 2011 . As a result, we investigated many soft-rock tunnels located along the Guang-Gan Expressway in the meizoseismal area, and we conducted further analysis of disaster characteristics and the key technology in the process of tunnel construction. We then provided reliable technical references for the large quantities of highway and railway soft-rock tunnels in strong earthquake areas.
The Guang-Gan Expressway passes through the Longmenshan fault zone, which is the seismogenic fault zone of the Wenchuan earthquake, and whose total length is 55.5 km. The tunnel accounts for almost half the total length of the Guang-Gan Expressway. Soft rocks, especially phyllite, make up a big portion of this region, and are mainly distributed in the Shenjiashan tunnel, Dujiashan tunnel, Qima tunnel, Yangjiashan tunnel and so on (Wang et al 2012) (figure 2).
The soft rocks in the tunnels of the Guang-Gan Expressway are mostly sericite phyllite, which are a hybrid gray color, with a lepidoblastic texture and a phyllitic structure. The foliation of the rock develops, and the compressive strength of rock mass is less than 5 MPa. Due to the dynamic influence of the Wenchuan earthquake, the overall rock mass was visibly fractured and crumpled. The overhead structure of the sericite phyllite was loose with a discontinuous surface and would crumble easily along the foliation rupture by developing a ductile shear fracture zone. After excavation, the shear strength of the rock was very low. The strength of the rock mass would decrease further if it encountered water. The types of groundwater in the tunnel aremainly from infiltration, droplets, local rain or flowing water (figure 3).
According to the geostress of the YangJiashan tunnel, built on the Guang-Gan Expressway, which was surveyed before and after the Wenchuan earthquake, thegeostress survey of the region identified the following characteristics (Yao 2012) .
At a drill depth of 390-420 m, the maximum horizontal principal stress, which was approximately 21-22 MPa before the earthquake, decreased to 15-16 MPa afterwards. The minimum horizontal principal stress before and after the earthquake was 12-14 MPa and approximately 10-11 MPa respectively. In other words, the maximum stress reduced by 28%, and the minimum stress decreased by 19% after the earthquake. This shows that the tectonic stress is greatly reduced as a result of the Wenchuan earthquake.
Deformation and failure in soft-rock tunnels in the meizoseismal areas

Dujiashan and Yangjiashan tunnels
Since the start of construction in 2009, the Guang-Gan Expressway has experienced many large deformations, collapses, lining cracks and other disasters. The most representative cases occur in the Dujiashan and Yangjiashan tunnels.
Located in Qingchuan County, Guangyuan City, the Dujiashan tunnel has a net width of 10.25 m and a height of 5.0 m. The tunnel is mainly surrounded by sericite phyllite (figure 4). The tunnel crosses the footwall of the Qingchuan Fracture and the north flank of Ximishan Inversion Syncline. Since the Late Pleistocene, the Qingchuan Fracture has been in an active state, particularly after the Wenchuan earthquake, triggering a lot of aftershocks with a magnitude 6.0 or below. Due to regional tectonics, the entrance stratum in this region has been overturned, forming three smaller thrust faults. The FS8 and FD1 faults pass adjacent to the tunnel whereas the FD2 fault directly traverses it.
Because of geological conditions, construction control and other factors, during the building of the Dujiashan tunnel, large deformations and collapses of different scales have happened over 30 times. Some failures have reoccurred after being fixed (table 1) .
The Yangjiashan tunnel in the Guang-Gan Expressway is also surrounded by broken phyllite and has experienced similar collapses (table 2) .
According to statistics in tables 1 and 2, the scale of most collapses ranges from small to medium. More than half of large deformations appear near the vault and arch shoulder of the tunnel, where the largest value is greater than 40 cm (figure 5). Local cracks emergein parts of the secondary lining due to the impact of aftershocks. Since there are numerous geohazards present in these tunnels, we only introduce two typical cases:
(1) On 27 April 2010, at the segments of in Dujiashan tunnel, the groundwater led to a sharp deterioration of the phyllite, resulting in a dramatic increase of the circumference convergence and vault settlement. This led to the large deformation and distortion of the steel arch. On 28 April , the surrounding rock of the tunnel face collapsed with a volume of 200 m 3 , leaving a collapse cavity with a height of about 3-5 m in the upper section. Construction had to be suspended to deal with the disaster. (2) On 20 January 2011, when digging the upper bench (using the three-bench method) of section K22 + 624-625 on the right line of the Yangjiashan tunnel, a large zone of blocks began to fall from the vault (figure 6). C20 shotcrete was promptly shot towards the tunnel face, attempting to stop further deformation. However, the approach was ineffective and the blocks continued to fall. Re-construction attempts used tunnel residue to countercompress and backfill the tunnel face, and 6 m long, small ducts were applied to the whole tunnel face before overall grouting. However, while the middle bench was excavated, cracking in the shotcrete was detected, and the vault and left side of the upper bench collapsed entirely, accompanied by the failure of the upper bench primary support, just one hour later.
To better understand the collapse and large deformations during construction of soft-rock tunnels in the Wenchuan meizoseismal areas, real-time monitoring and measurements Broken sericite phyllite were conducted simultaneously (figure 7). We previously considered the total data; we now only analyze and interpret data from section ZK15 + 220 on the left line of the Dujiashan tunnel.
The main rock mass of the monitoring section was broken sericite--phyllite, which is rated as grade V according to the Chinese Code for Design of Highway Tunnels. According to the monitoring results, both the horizontal convergence and vault settlement of section ZK15 + 220 were relatively large (the maximum horizontal convergence was approximately 30 cm whereas the vault settlement was approximately 40 cm). They both increased over time and were increasingly unstable, noticeably surpassing data measured for the same grade of surrounding rock in non-seismic regions. These characteristics directly caused large deformations and cracks in the primary support, which eventually led to the collapse.
Characteristics of large deformation and collapses in soft-rock tunnels
By analyzing disasters that have occurred during the construction of soft-rock tunnels in the Guang-Gan Expressway, the general characteristics of large deformations and collapses of tunnels situated at the core of the Wenchuan seismic zone can be summarized as follows:
(1) The majority of the geological disasters that occurred during construction were large deformations of the primary support and collapses of the tunnel face. The general forms of collapses were emission and sliding, (figure 8), while the characteristic of a collapse is debris flow. Positions of disaster occurrences were concentrated on the vault and both sides of the arch shoulder, while few disasters occurred on both sides of the walls. (2) The severity and the manifestation of the disasters varied in different tunnels, and were affected by groundwater, burial depth and initial geostress. Some of the same locations experienced two to three collapses, but the generating process of all disasters was clear. It began with deformation, a rapid increase to a large deformation, cracks in the primary support, distortion of the steel arch and finally collapse. (3) After tunnel deformation appears, it usually evolves into a high-speed squeezing deformation in a short time with surrounding rock squeezing towards the inner part of the tunnel. Shortly after, the rate of vault settlement and convergence rapidly accelerate, fractures in supporting structures, distortion of the steel arch and even damage to the primary support take place (figure 9). In extreme cases, collapses occur at the tunnel face while the ground surface of the shallow buried section is likely to rupture and collapse. (4) According to monitoring data, the circumference convergence is lower than the vault settlement, of which the maximum value can reach over 40 cm. This greatly exceeds the security standard value in the Chinese Code for Design of Highway Tunnels. If the rheology of soft rock is taken into consideration, even in the later stages, the deformation will still increase with time.
Mechanisms of large deformation and collapse
2.3.1. Rock mass properties. The mechanical properties of the surrounding rock, which is mainly made up of broken sericite phyllite, are poor (i.e. the strength is very low). In particular, after suffering the seismic dynamic consequences of the Wenchuan earthquake and its aftershocks, the mechanical properties of the surrounding rock became even worse. Consequently, the rock could not bear the additional stress produced by the secondary adjustment during construction, Note: The unit of collapse is m 3 ; the unit of deformation is cm. and the 'arching effect' on outlining surfaces of the tunnel could not occur. Coupled with the softening effect of the underground water, the mechanical properties of the broken phyllite became drastically worse. The self-bearing capacity of the surrounding rock rapidly decreased. Such factors can ultimately cause the large deformations and collapses in softrock tunnels.
The initial stress field.
Following the Wenchuan earthquake, the accumulated energy in the strata was released and the soft rocks were in a broken state due to the seismic dynamic effect. It is therefore hard for tectonic stress to accumulate, and the initial stress field is primarily due to the self-weight. Therefore, the displacement of the vault is relatively large and largest deformations and collapses occur in this zone.
Supporting parameters.
Due to the lack of sufficient knowledge on the characteristics of broken phyllite in meizoseismal areas, the design of supporting parameters mainly refer to soft-rock tunnels in non-seismic regions, and the Chinese Code for Design of Highway Tunnels takes the recommended upper limit value of the specification. Following excavation of the tunnels, the load on the supporting structure is relatively large because of the poor self-stabilizing ability of the surrounding rock. In addition, broken phyllite is softened with groundwater causing a great deformation pressure to the supporting system, and thus leading to a further increase of the supporting force and deformation. The initial design of supporting parameters did not meet the stability requirements of the tunnels, therefore large deformations, collapses and other geological disasters occurred frequently.
Influence of groundwater.
According to conditions revealed by the experiments, groundwater leads to a sharp deterioration of broken phyllite. In addition, the mudding phenomenon is evident due to the groundwater (figure 10). If interventional treatment is not timely or appropriate, these conditions may easily lead to large deformations or collapses in soft-rock tunnels. Another important influence of groundwater is the reduction of the basal bearing capacity of the arch foot. As a result, the zone of the arch foot cannot bear the pressure from the upper supporting structure, leading to probable large deformations and even collapses. The collapse in section K15 + 118 of the Dujiashan tunnel is a typical example.
Construction method and technology.
Because of urgent project schedules, some construction methods such as the two-bench and the two-bench reserved core soil methods were used; these methods still complied with the conventional operation pattern of soft-rock tunnels in non-seismic regions. Some construction technology, such as the application of a bolt-shotcrete support or closing loop of the supporting structures, was not timely, and directly caused the large deformation of broken phyllite in the tunnels. There were other problems in some of the key phases of construction, such as joints of the steel arches not being linked and fixed during the process of bench excavation. This led to ineffective control of tunnel deformation, which eventually resulted in increased deformation and the primary lining exceeding the clearance limit.
Influence of the aftershocks.
The aftershocks following the Wenchuan earthquake happened frequently, up to tens of thousands of times , Wu et al 2009 . The occurrence of the aftershocks caused the concealed cracks in the broken phyllite to develop further, which decreased the strength of the surrounding rock and affected its stability (Li et al 1994 (Li et al , 2006 . This meant that the weak tunnel support system could be destroyed more easily. This led to several collapses during construction in tunnels along the Guang-Gan Expressway, especially the Dujiashan tunnel. Some places even collapsed twice in areas where the collapse had not been dealt with. For instance, at 15:05 on 15 May 2011, a M = 4.3 earthquake occurred at the junction figure 11 ).
Control measures of construction in soft-rock tunnels
Construction methods
To choose a reasonable construction method to effectively control large deformations and collapses in the soft-rock tunnels of the Guang-Gan Expressway, we selected as a test section a segment of ZK15 + 300-350 where the rock mass was broken sericite phyllite in the Dujiashan tunnel ( figure 12 ). The depth is approximately 80 m and no groundwater is present. Inspection of the deformation and stability of the surrounding rocks under different construction methods was performed. By increasing excavation benches and reducing the excavation footage, we can effectively compromise the extrusion stress of the tunnel face and reduce deformations of the surrounding rock in the tunnel. This construction method has been used in the Guang-Gan Expressway, and four types of construction methods have been used in the tests (Zhou et al 2013) : (1) two benches (S1); (2) two benches and reserved core soil (S2); (3) three benches (S3); and (4) three benches and reserved core soil (S4).
(1) Based on the length of the test section, the corresponding excavation footage for different construction methods is shown in table 3. The size of the reserved core soil under different conditions is: length × width × height of condition S2 = 1 × 3 × 2.5 m, length × width × height of condition S4 = 1 × 2 × 1.5 m. (2) In all the construction methods, excavation and support are carried out after grouting enforcement of the surrounding rock in front of the tunnel face and supporting parameters are reliable (table 3) . (3) According to field test requirements, the monitoring section is carried out immediately after excavation using different construction methods, mainly monitoring deformation characteristics of surrounding rock using different methods. The selection of the monitoring section varies according to individual excavation sites. Each monitoring section was chosen for conditions S1 and S2, while two monitoring sections were chosen for conditions S3 and S4 (table 3) .
Based on the field tests, time-history curves of the surrounding rocks under different construction methods (figure 13) were obtained. The monitoring results show that the deformation values sorted from high to low, in order was condition S1 > S2 > S3 > S4. The rule of deformation is different under each construction method.
For the S1 condition, the deformation linearly increased in the early stage (figure 13). After excavating for 10 d, a collapse appeared from the vault to the haunch ( figure 14) . This means that condition S1 produces too much disturbance in the broken phyllite stratum and the rock mass cannot form an 'arching effect' and collapses can happen easily.
Compared with S1, the deformation curve of S2 is relatively moderate. Asthe excavation of the lower bench began after 16 d of the monitoring period, the trend of convergence of the vault settlement is not obvious. After excavation for 32 d, the primary lining began to crack, the steel arch began to distort and further disasters followed (figure 14), indicating that condition S2 does not meet the stability requirements for the soft-rock tunnel.
Based on the comparative analysis on conditions S1 and S2, it is found that the core soil can help to control the stability of the tunnel.
For both S3 and S4, the tunnel perimeter deflection tends to be stable and convergent, meaning the tunnel could be excavated further. However, the deformation value of the surrounding rock in condition S3 was significantly larger than condition S4. The three-bench method can ensure safety of construction for the field test section. However, in several tunnels along the Guang-Gan Expressway, instabilities generally occurred in the tunnel face. Considering that the core soil contributes to the stability of tunnel face, the three-bench and reserved core soil method is generally used during actual construction (figure 15).
Supporting parameters
Considering that large deformations and collapses occurred frequently in the Guang-Gan Expressway, field tests for supporting parameters were carried out. We take the segment ZK15 + 260-280 in the Dujiashan tunnel as a field test zone to examine different support systems (table 4) . Compared with the initial design, the stiffness of supporting parameters for the field tests becomes evidently stronger: the thickness of shotcrete and secondary lining increased, the type of steel arch was enhanced and the length of anchor bolts was also increased, while the spacing of the steel arch and bolts was reduced. Additionally, in order to know the supporting effect of the anchor bolts, using segment ZK15 + 270-280, bolts were removed from supporting parameters. Monitoring measurements (monitoring points are shown in figure 12 ) were conducted in order to scientifically evaluate reasonable supporting parameters. The field test began in November 2010. During to the tunnel excavation process, monitoring equipment was embedded in four cross-sections to measure deformation. The horizontal and vertical displacement of typical sections is shown in figure 16 .
As shown in figure 16 , the horizontal and the vertical displacement in section ZK15 + 264 increases with time. At the initial stages of tunnel excavation, the deformation increases rapidly, and after approximately 20 d the deformation tends to stabilise. The maximum value of the horizontal convergence is 64.56 mm, and that of the vault settlement is 192.4 mm. In the final stages of tunnel excavation, the deformation rate gradually decreases and the support system stabilises.
The variable value of vault settlement in section ZK15 + 274 is similar to section ZK15 + 264, where deformation increases rapidly at the beginning of the tunnel excavation, and then tends to stablise by approximately 20 d. The maximum value of vault settlement is 161.50 mm.
Conclusions from the results of the field test highlight that chosen support parameters meet the stability requirements of the surrounding rock. The parameters were found to be very strong, far beyond the recommended upper limit value in the Chinese Code for Design of Highway Tunnels. At the same time, it shows that the support parameters of soft-rock tunnels in non-seismic regions do not meet the stability demands of fractured phyllite tunnels in meizoseismal areas. Furthermore, the displacement in field tests shows that the vault settlement is greater than the horizontal convergence. The results are consistent with the monitoring data and the failure rules of softrock tunnels mentioned above. The maximum tension force of the anchor bolts is 25.84 kN, and most of the others are less than 10 kN (figure 17). The function of the anchor bolts is not fully utilized, so the supporting effect is very poor. Therefore, anchor bolts have been omitted in subsequent constructions (Zou et al 2013) . 
Conclusions
Through analysis of the characteristics of large deformations and collapses of broken phyllite tunnels influenced by strong earthquake dynamic action during construction of the GuangGan Expressway, the following conclusions are drawn:
(1) Deformation of surrounding rock mainly squeezes into the inner part of the tunnel. The deformation value is very large and can reach up to 50 cm, which is much greater than the safety control standard value stated in the Chinese Code for Design of Highway Tunnels. Geohazards mainly include the large deformation, cracking of the primary support, distortion of the steel arch, and collapse. (2) Multiple factors lead to large deformations and collapses in soft-rock tunnels. Firstly, the poor mechanical properties and weak self-bearing capacities of the surrounding rock, as well as softening of the rock mass caused by groundwater are important factors. Secondly, the lack of sufficient knowledge of broken soft-rock mass in the Wenchuan meizoseismal areas is very different from nonseismic regions; this contributed to the occurrence of the disasters. Finally, the aftershocks caused further failure of supporting structures in soft-rock tunnels and should not be ignored. (3) The three-bench and reserved core soil construction method was recommended for broken phyllite tunnels. Mechanical excavation should be applied in order to minimize the disturbance of the surrounding rock. The key construction technology should be strictly controlled, and the basement of the tunnel should be strengthened with waterproofing and drainage, along with reinforcement measures to prevent the risk of large deformation caused by rock softening. (4) The results of the field test show that the support parameters applied in broken phyllite tunnels are very strong, far beyond the recommended upper limit value of Chinese highway tunnel specifications. Increasing the stiffness of the supporting structure (including a reduction in the space between the steel arches, and an increase in the thickness of the shotcrete and secondary lining) and enclosing the lining in time are efficient methods to control large deformations and collapses in fractured phyllite tunnels in meizoseismal areas. However, the effect of anchor bolts is very poor.
